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The low ATP levels in dark anaerobic ells of the cyanobacterium Anacystis nidulans more than doubled 
within 5 s after rapid addition of HCl shifting external pH from 9.0 to 4.5. Steady-state levels of ATP 
and intracellular pH remained constant at 0.95 * 0.15 nmol/mg dry weight and 6.9 k 0.3, respectively. 
ApH-induced ATP synthesis was inhibited by dicyclohexylcarbodiimide and carbonyl cyanide m- 
chlorophenylhydrazone but not by carbon monoxide. According to our results the cytoplasmic membrane 
of A. nidulans has to be regarded as an energy-transducing membrane bioenergetically similar to the 
thylakoid membrane. 
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1. INTRODUCTION 
The chemiosmotic theory predicts that a proton 
electrochemical gradient (A,aH+) or protonmotive 
force (p.m.f.) across energy-transducing mem- 
branes ultimately powers ATP synthesis by a rever- 
sible ATPase present in the membrane [11. Besides 
a membrane potential (A$) the pH concentration 
gradient (ApH) is the second essential component 
of the protonmotive force. Jagendorf and Uribe 
[2] were the first to demonstrate that an artificial 
pH gradient (acidic inside) imposed across 
thylakoid membranes of isolated chloroplasts can 
drive ATP synthesis. Since then, artificially impos- 
ed pH gradients have been shown to drive ATP 
synthesis also in mitochondria [3], submitochon- 
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diimide; Hepes, N-(2-hydroxyethylpiperazine)-N’-2- 
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acid); Taps, tris(hydroxymethyl)methylaminopropane- 
sulfonic acid; DMO, 5,5-dimethyloxazolidine-2,4- 
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drial vesicles [4], bacterial vesicles [5], intact 
bacteria [6-B] and artificial lipid vesicles 
reconstituted with a reversible ATPase [9]. The 
data accumulated lend much support to the 
chemiosmotic theory [lo]. Yet, in vivo, localized 
proton gradients more closely associated with the 
energy-transducing membrane may be involved 
rather than bulk phase gradients which, of course, 
do function in vitro [l 11. 
In cyanobacteria little is known about energy- 
transducing properties of the cytoplasmic mem- 
brane [12-141; it is still impossible to obtain 
reliable preparations of pure cytoplasmic mem- 
brane separated from thylakoid membranes which, 
in turn, certainly are responsible for most of the 
photosynthetic electron transport activities 
[12-141. However, the data obtained with crude 
particle preparations (containing both cytoplasmic 
and thylakoid membranes) or intact cells of 
Anacystis nidulans have suggested that the 
cytoplasmic membrane, in addition to the 
thylakoid membrane, is a site of respiratory elec- 
tron transport resulting in primary proton extru- 
sion [14-161. The proton gradient thus established 
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across the cytoplasmic membrane in vivo (alkaline 
inside) could power ATP synthesis through a 
reversible ATPase present in the membrane. fn 
fact, ATP synthesis was observed when an ar- 
tificial ApH (alkaline inside) was imposed across 
the cytoplasmic membrane of energy-depleted cells 
of A. nidulans as shown in this communication. 
2. MATERIALS AND METHODS 
Axenic cultures of A. nidufans (strain 1402/l, 
Giittingen) were grown to the late logarithmic 
phase at 38”C, 1 kWfmZ warm white fluorescent 
light and a constant pH of 8.2, and harvested as in 
[17]. Cells were washed twice with 5 mM 
Tris-Hepes buffer (pH 9.0) and finally resuspend- 
ed therein at a cell concentration of 50~1 packed 
cells (about 15 mg dry weight/ml; acid pulse ex- 
periments). For the determination of steady-state 
levels of intracellular ATP and pH the cells were 
washed and resuspended in 25 mM citrate, Mes, 
Pipes, Hepes or Taps buffer adjusted to the ap- 
propriate pH with KOH. ATP was determined 
with a luciferin-luciferase assay as in [l&19]. In- 
tracellular pH was measured by use of flow dialysis 
[20] following the distribution between in- 
tracellular and extracellular space of “C-labelled 
aspirin, DMO and methylamine, respectively, 
depending on the extracellula; pH; similarly A+ 
was calcuiated from the distribution of 3H-labelled 
TPP” [21]. Details of these determinations in A. 
niduluns will be published elsewhere (Schmetterer, 
Nitschmann and Peschek, unpublished). In- 
tracellular volume of the cells was taken as 70% of 
the packed cell volume 1221. Acid pulses were ap- 
plied in the form of a few microliters af anaerobic 
0.1 N WC1 rapidly injected into 20 ml cell suspen- 
sion (initial pH 9.0); light and oxygen were careful- 
ly excluded throughout the experiments. Oxygen 
and pH in the suspension were continuously 
monitored with a YSI oxygen electrode (model 53) 
and a pH electrode (Seibold, Vienna), respectively, 
both connected to a Rikadenki Multi-pen 
Recorder. The temperature was 3S*C in all ex- 
periments. The values given in the figures and the 
table are the means of at least 5 independent deter- 
minations, standard deviations among individual 
data ranging from 10-W!& of the correspondhzg 
mean. 
3. RESULTS AND DISCUSSION 
Fig. 1 shows the net increase in jn~ra~ellul~ ATP 
measured 5 s after shifting dark anaerobic suspen- 
sions of A, ~id~~~~~ from pH 9.0 to the final pH 
values indicated on the abscissa (curve a). At the 
same time it is seen that the steady-state ATP con- 
centration in dark anaerobic cells (measured 
20 min after the onset of dark anaerobic incuba- 
tion) remained virtually unaffected by external pH 
(curve b). Intracellular pH likewise remained near- 
ly constant (at 6.9 + 0.3) over a range of external 
pH values between 4.3 and 9.2 (not shown; 
Schmetterer, Nitschmann and Peschek, unpnblish- 
ed). Therefore the increase in ATP content of dark 
anaerobic cells subjected to acid pulses does not 
reflect possibly different steady-state ATP levels or 
changes of ApH across the intracellular (thylakoid) 
membranes which do function in photosynthetic 
energy conservation. Rather, the elevated ATP 
levels (fig.la) are caused by net synthesis of ATP 
through a cytoplasmic membrane-bound reversible 
ATPase utilizing the proton concentration gra- 
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Fig.1. (a) Elevated ATP IeveIs in dark anaerobic A. 
nidulam measured 5s after rapid appIication of acid 
pulses hifting external pH from 9.0 to pHx. (b) Steady- 
state concentrations of ATP in dark anaerobic A, 
nidulans measured after 20 min of preincubation. 
Internal pH was 6.9 + 0.3 independent of external p-H. 
Anaerobiosis was established. and maintained, by 
sparging the suspensions with oxygen-free nitrogen or 
with carbon monoxide which gave the same results. 
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dient artificially imposed. The same conclusion is 
derived from the transient changes of intracellular 
adenylate pool sizes (fig.2a,b) which do not con- 
form to simple adenylate kinase action. 
Mechanistically, any proton translocation through 
the cytoplasmic membrane-bound ATPase appears 
to be tightly coupled to ATP synthesis or 
hydrolysis by the enzyme thus explaining the sud- 
den, and likewise transient, drop of intracellular 
ATP after an acid/base shift (fig.2b). During the 
latter transition protons may be expelled from the 
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Fig.2. Kinetics of the change of adenylate levels in dark 
anaerobic cells of A. nidulans shifted from external pH 
9.0 (5 mM Tris-Hepes buffer) to 4.4 by rapid addition 
of 0.1 N HCl (a) and from external pH 5.0 (5 mM 
Mes-Hepes buffer) to 9.0 by rapid addition of 0.5 M 
Tris base (b) so as to reach the final pH values indicated. 
ATP, ADP and AMP were determined as in [l&19]. 
ATP hydrolysis even without any thermodynamic 
need. At the same time this demonstrates the fun- 
damental reversibility of the cytoplasmic 
membrane-bound enzyme capable of functioning 
as a proton-translocating ATPase under 
physiological conditions [ 191. That the pH-jump- 
induced changes of intracellular adenylate levels 
were highly transient, steady-state levels being re- 
established within at most 60 s after the pulse 
(fig.2), is attributed to the energetic homeostasis 
characteristic of living cells. 
The effect of inhibitors (table 1) was consistent 
with the assumption that the ApH-induced increase 
of intracellular ATP-concentration in dark 
anaerobic cells of A. nidulans as shown in 
fig.la,2a is due to a reversible ATPase utilizing 
proton concentration gradients across the 
cytoplasmic membrane (alkaline inside) for ATP 
synthesis: DCCD, which is known to plug the pro- 
ton channel of membrane-bound ATPase, com- 
pletely abolished any ApH-dependent ATP syn- 
thesis, and the same was observed in the presence 
of the uncoupler CCCP which short-circuits the 
proton concentration gradient across the mem- 
brane (table 1). The latter result makes it unlikely 
that, in A. nidulans, mere protonation of the ATP- 
ase may elicit ATP synthesis through conforma- 
tional changes of the enzyme as was recently pro- 
posed for mitochondria [23]. The involvement of 
functional sulfhydryl groups of the enzyme is in- 
Table 1 
Influence of inhibitors on pH-jump-induced increases of 
intracellular ATP levels in dark anaerobic cells of A. 
nidulans 
Inhibitor pH 9.0-4.5 pH 9.Od4.8 
None 225 181 
Carbon monoxide 225 180 
5 pM CCCP 146 118 
50/zM CCCP 100 100 
50 PM DCCD 135 109 
100 pM DCCD 100 100 
30 pM p-chloro- 
mercuribenzoate 125 110 
Inhibitors were added 5-10 min before application of 
the acid pulse (shifting external pH from 9.0 to 4.5 and 
4.8, respectively). ATP levels reached within 5 s after the 
jump are given as % of corresponding steady-state l vels 
118 
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dicated by the effect of p-chloromercuribenzoate 
(table 1) which conforms to previous findings with 
membrane-bound ATPases [24]. Complete lack of 
inhibition by carbon monoxide, which is a potent 
inhibitor of cyanobacterial terminal oxidases 
[25,26], safely excludes any ATP formation by ox- 
idative phosphorylation [18,19] due to trace 
amounts of oxygen inadvertently introduced in the 
course of acid pulse experiments. 
4. CONCLUDING REMARKS 
Fig.3 attempts to summarize our present 
knowledge of membrane-bound bioenergetic 
mechanisms in cyanobacteria: Thylakoid mem- 
branes are shown to contain an electron transport 
system capable of serving both respiration and 
photosynthesis through common carriers, viz. 
plastoquinone and the cytochrome fIba complex 
[27,28]. In addition, the cytoplasmic membrane 
(of A. niduluns) appears to be endowed with 
respiratory functions [14-19,291. In particular, a 
cytoplasmic membrane-bound cytochrome ox- 
idase, presumably of aa3-type [25,26,30], might 
establish a transmembrane proton electrochemical 
gradient through active proton extrusion [ 15,161. 
The resulting ApH, in turn, can be used by a 
Periolasmlc SDace 
lntrathylakold Space 
Fig.3. Scheme of membrane-bound bioenergetic 
functions in A. niduluns. CM, cytoplasmic membrane; 
ICM, intracytoplasmic (thylakoid) membrane; ET, 
electron transport; aa3, terminal oxidase (also present in 
thylakoid membranes; not shown); AP, antiporting 
system; em--+, electron donation to the cytoplasmic 
membrane-bound terminal oxidase through hitherto 
unknown intermediates, among them possibly a 
periplasmic c-type cytochrome [3 I]. 
similarly cytoplasmic membrane-bound ATPase to 
drive ATP synthesis as discussed here. Estimation 
of the total protonmotive force resulting across the 
cytoplasmic membrane upon a shift from pH 9.0 
to 4.4 shows that ATP formation indeed should be 
possible under these conditions since p.m.f. = 
A$ - 61. ApH = -270 mV at 35°C using A+ = 
- 100 mV, pHi, = 7.2, and assuming A$ and ApH 
to remain unchanged uring the first 5 s of the ex- 
periment (Schmetterer, Nitschmann and Peschek, 
unpublished). Yet, another part of the ApH may 
directly power proton/cation antiporters in the 
cytoplasmic membrane (fig.3). Such function of an 
H+/Na+-antiporting system was recently inferred 
from lowered net efficiencies of oxidative 
phosphorylation displayed by sodium-containing 
cells of A. nidulans [l&19]. 
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